Pseudomonas sp. WR912 was isolated by continuous enrichment in three steps with 3-chloro-, 4-chloro-, and finally 3,5-dichlorobenzoate as sole source of carbon and energy. The doubling times of the pure culture with these growth substrates were 2.6, 3.3, and 5.2 h, respectively. Stoichiometric amounts of chloride were eliminated during growth. Oxygen uptake rates with chlorinated benzoates revealed low stereospecificity of the initial benzoate 1,2-dioxygenation. Dihydrodihydroxybenzoate dehydrogenase, catechol 1,2-dioxygenase, and muconate cycloisomerase activities were found in cell-free extracts. The ortho cleavage activity for catechols appeared to involve induction of isoenzymes with different stereospecificity towards chlorocatechols. A catabolic pathway for chlorocatechols was proposed on the basis of similarity to chlorophenoxyacetate catabolism, and cometabolism of 3,5-dimethylbenzoate by chlorobenzoate-induced cells yielded 2,5-dihydro-2,4-dimethyl-5-oxo-furan-2-acetic acid.
Large amounts of man-made halogenated aromatic compounds are released into the environment from chemical production plants as well as from intensive agriculture. Chlorobenzoic acids are widely used as herbicides in the form of 2,5-dichloro-3-aminobenzoic acid, 2,3,6-trichlorobenzoic acid, or 2,6-dichlorobenzonitril. Furthermore, chlorinated benzoates can originate from cometabolism of polychlorinated biphenyls by soil bacteria (1, 13, 21) . 4-Chlorobenzoic acid is a metabolite of the herbicide Bidisin (18) , and 3,5-dichlorobenzoic acid possibly originated from "Pronamid" (12) . Halogenated aromatic compounds without exception are markedly more refractile to microbial attack than nonhalogenated aromatics. When 3-chlorobenzoate (5), 4-chlorophenol (16), 2,4-dichlorophenol (33) , 4 -chlorophenoxyacetate (10) , 4-chloro-2-methylphenoxyacetate (14, 15) , or 2,4-dichlorophenoxyacetate (9, 11, 30, 32, 33) were utilized as sole sources of carbon and energy, halocatechols were found to be central metabolites and subject to ortho cleavage. The organically bound halogen is eventually eliminated as chloride from the nonaromatic metabolite generated from ring cleavage. Enzymes of unsubstituted benzoate metabolism generally exhibit striking stereospecificity, so that the affinities for chlorosubstituted benzoic acids are low (24) . Another critical step is the ring cleavage reaction (6, 7) . With Pseudomonas sp. B13, which utilizes 3-chlorobenzoate, reduced turnover rates of halogenated substrates are counterbalanced by overproduction of catabolic enzymes or induction of additional isoenzymes with altered substrate specificity (6, 7, 24, 25) .
In the present paper we describe the metabolic activities of a pseudomonad for the utilization of 3-chloro-, 4-chloro-, and 3,5-dichlorobenzoic acid.
MATERIALS AND METHODS
Continuous enrichment. The 200-ml chemostat consisted of a cylindrical vessel (250 mm by 30 mm in diameter) and sampling device. Air was introduced through a G2 porous glass filter plate which covered the entire bottom of the vessel. The culture was maintained at 28°C. The mineral medium (5) containing the appropiate benzoates for enrichment was pumped at a rate of 40 ml/day by a precision variable-speed peristaltic pump (model 12000, Varioperpex, LKB, Sweden).
Culture conditions. For growth in liquid culture, the mineral medium as described by Dorn et (27) . For measuring catechol 1,2-dioxygenase activities, the modified procedure of Ornston and Stanier (6, 7) was used.
The activity of catechol 2,3-dioxygenase was assayed by the method of Nozaki (20) , by increasing the concentration of substituted catechols fivefold to achieve substrate saturation. Catechol 1,2-dioxygenase activity was destroyed by heating cell-free extracts at 55°C for 10 min (19, 28) . Muconate cycloisomerase activity (muconate lactonizing enzyme) was assayed by the method of Ornston (22) . Activity of this enzyme could only be measured at substrate concentrations below saturation because assay concentrations of the biologically produced muconates were only 50,iM.
Oxygen uptake experiments. 2 mm, octadecylsilane chemically bonded to LiChrosorb 10-,lI particles). The mobile phase was 10 mM H3PO4 containing varying concentrations of 2-propanol and methanol. A 254-nm detector (Varian) and a computing integrator (Autolab System I, Spectra-Physics, Santa Clara, Calif.) were used for quantification. Samples of culture fluids (5 to 20 pI) were injected after cells had been removed by centrifugation in 0.5-ml micro-test tubes for 3 min at 20,000 rpm (Mikro-Hamatokrit, Heraeus Christ, Osterode, Germany).
Chloride ion concentrations were measured with an ion selective combination chloride electrode (model 96/17, Orion Research Inc., Cambridge, Mass.), which was calibrated with NaCl (0.1 mM up to 50 mM) in mineral medium before each measurement. Ultraviolet spectra were measured in water by use of a Zeiss DMR 10 recording spectrophotometer. Infrared spectra were recorded on a Pye-Unicam SP 1000 spectrophotometer. Crystals were mulled in Nujol and placed between NaCl disks. Low-and high-resolution mass spectra were measured with a DuPont mass spectrophotometer . The nuclear magnetic resonance spectrum was recorded with a Varian HA 100 instrument with tetramethylsilane as internal reference; the values are expressed in parts per million.
Chemicals. 3-Chloro-, 4-chloro-, 3-methyl-, 4-methyl-, and 3,5-dimethylbenzoic acid were obtained from Fluka AG, Buchs, Switzerland, whereas 3,5-dichlorobenzoic acid, 3-methyl-, and 4-methylcatechol were purchased from EGA Chemie, Steinheim, Germany. The preparation of dihydrodihydroxybenzoate was described by Reineke et al. (26 (19, 35) and the 3-chlorobenzoate-utilizing Pseudomonas sp. B13 (5) . Extensive cometabolism of 4-chloro-and 3,5-dichlorobenzoates was anticipated by the combined action of these organisms. After 4 weeks of operation, 4-chlorobenzoate was added to the fresh medium as an additional carbon source, the concentration being increased up to 20 mM. After being operated for another month the continuous culture was maintained with 4-chlorobenzoate as sole carbon source. 3,5-Dichlorobenzoate was added in increasing concentration increments over 3 months to a maximum concentration of 20 mM. Within 6 months of continuous enrichment, single colonies could be obtained from agar plates containing 3,5-dichlorobenzoate as the sole carbon source. The purity of the selected strains was verified by plating both on nutrient agar and 3,5-dichlorobenzoate. Strain WR912, studied in detail, was able to use 3-chloro-, 4-chloro-, and 3,5-dichlorobenzoate in addition to benzoate as the only source of carbon and energy.
The methods of Stanier et al. (31) were used for identification of the organism. The strain proved to be a gram-negative rod, motile by a single polar flagellum. The following additional criteria were observed: no intracellular accumulation of poly-,f-hydroxybutyrate; no production of fluorescent or phenazine pigments; no denitrification, no growth on nutrient broth at 4 or at 410C; starch, gelatine, or extracellular polyf8-hydroxybutyrate were not hydrolyzed, arginine dihydrolase and oxidase were positive; no growth factors were necessary. Among 120 substrates tested, only the following ones allowed good growth: DL-valne, D-tryptophan, L-phenylalanine, pelargonate, adipate, sebacate, mesotartrate, salicylate, nicotinate, mesaconate, citrate, lactate, and benzoate. Poor or no growth was observed with carbohydrates and on methylbenzoates. The strain resembles in some respects Pseudomonas ruhlandii (8) .
Growth with chlorobenzoates. As shown in Fig. 1 , the organism grew exponentially with 3-chloro-, 4-chloro-, and 3,5-dichlorobenzoate as sole sources of carbon and energy, exhibiting doubling times of 2.6, 3. VOL. 37, 1979 on June 28, 2017 by guest http://aem.asm.org/ Downloaded from strates consumed. In the case of 3,5-dichlorobenzoate, liberation of 2 mol of HCI per mol of substrate (Fig. lc) exceeded the buffer capacity of the medium so that phosphate concentration had to be doubled.
During growth with 4-chlorobenzoate, the culture fluid turned greenish-yellow, exhibiting an absorption maximum at 378 nm. On acidification (pH 2) the yellow color disappeared, but was restored on addition of excess NaOH. This indicates excretion of chlorohydroxymuconic semialdehyde, originating from the action of catechol 2,3-dioxygenase on 4-chlorocatechol. The amount of the meta cleavage product was calculated to be less than 1% of substrate utilized based on the molar extinction coefficient of 2-hydroxy-5-chloromuconic semialdehyde (28) .
Oxygen uptake experiments with chlorobenzoates. Since the initial enzyme, benzoate 1,2-dioxygenase, is unstable in cell-free extracts, the relative rates of oxygen uptake by whole cells with differently substituted benzoates were taken as a measure of enzyme specificity. The relative rates of respiration elicited by benzoate and toluates have successfully been used as a measure of enzyme specificity in P. putida mt-2 (35) .
As shown in Table 1 Only an uninduced level of catechol 2,3-dioxygenase was detectable in benzoate-or chlorobenzoate-grown cells. The formation of insignificant amounts of chlorohydroxymuconic semialdehyde during growth on 4-chlorobenzoate can be explained by the uninduced level of catechol 2,3-dioxygenase, which exhibits relative high activity for 4-chlorocatechol.
Relatively high cycloisomerase activity was found only for chlorosubstituted cis,cis-muconates irrespective of whether the cells were grown on benzoate or any of the substituted benzoates, i.e., 76% for 2-chloro-, 57% for 3-chloro-, and 18% for cis,cis-muconate referred to 2,4-dichloromuconate as 100% (35 U/g of protein) in 3,5-dichlorobenzoate-grown cells.
Cometabolic activities with methylbenzoates. 3,5-Dichlorobenzoate-grown cells readily cometabolized 3-methyl-and 4-methylbenzoate. During incubation, the "dead-end" metabolites 2,5-dihydro-4-methyl-and 2,5-dihydro-2-methyl-5-oxo-furan-2-acetic acid (compounds I and II, X = CH3, Fig. 2 ) were quantitatively accumulated in the culture fluid. Initial dioxygenation of unsymmetrically substituted benzoates generally fails to be highly selective (24) , so that 3-methylbenzoate yields a mixture of I and II (X = CH3). These metabolites were formed at a ratio of 95:5 and identified with authentic samples by comparison of their retention times during high-pressure liquid chromatography and by in situ scanning of their ultraviolet spectra (17) . Cells grown with 3,5-dichlorobenzoate cooxidized the analogous 3,5-dimethylbenzoate to 2,5-dihydro-2,4-dimethyl-5-oxo-furan-2-acetic acid (III, X = CH3) according to the cometabolic sequence given in Fig. 2 . Compound III was characterized by the following physical properties: melting point, 70 to 720C; thin-layer chromatography in the prescribed solvent system on 0.25-mm layers of Silica Gel GF254 (Merck, Darmstadt, Germany) with Rf value of 0.42; absorption spectrum, X.,.H20 = 211 to 212 nm (E = 10,200); infrared spectrum (CHC13) with a peak at 1765 cm-' (a,/3-unsaturated y-lactone) and a shoulder at 1735 cm-' (COOH); high resolution mass spectrum, calculated for C8HI004, 170.0579, M+ found at mle 170.0585, fragment peaks due to loss of CH2COOH, CH3, COOH, CO, and H20; nuclear magnetic resonance data as given in Fig. 3 .
DISCUSSION
The catabolic pathways of 3-chlorobenzoate, 4-chlorobenzoate, and 3,5-dichlorobenzoate (Fig.  2) are proposed on the basis of the enzyme activities found and the methylmuconolactones I, II, and III (X = CH3), which were accumulated during cometabolism of the structurally analogous methylbenzoates. The substituted benzoates are hydroxylated yielding 1,2-dihydrodihydroxybenzoates, which are subsequently converted to catechols by dehydrogenation and decarboxylation. The resulting 3-chlorocatechol, 4-chlorocatechol, or 3,5-dichlorocatechol are subject to ortho cleavage with formation of the respective halogenated cis,cis-muconic acids. These are cycloisomerized with coincident or subsequent elimination of chloride.
Cells of Pseudomonas sp. WR912 exhibit high benzoate 1,2-dioxygenase activities not only for 3-chlorobenzoate but also for 4-chloro-and 3,5-dichlorobenzoate. This resembles toluate-grown cells of P. putida mt-2. Its plasmid-coded benzoate 1,2-dioxygenase was shown to function in toluate metabolism, consequently being stereounspecific and considerably more active towards halogenated benzoates (24) . In contrast, Pseudomonas sp. B13 is restricted to the utilization of 3-chlorobenzoate as growth substrate because its benzoate 1,2-dioxygenase shows narrow substrate specificity, which is generally observed in benzoate-utilizing bacteria (24) (6) . One of these, pyrocatechase II, showed high activity for chlorocatechols and was exclusively VOL. 37, 1979 on June induced in 3-chlorobenzoate-or 4-chlorophenol-3-chloro-and 3,5-dichlorocatechol. In the particgrown cells. In contrast the highly specific iso-ular case of Pseudomonas sp. WR912, the chloenzyme, pyrocatechase I, has been demonstrated rocatechol-cleaving enzyme appears to be inin benzoate-as well as chlorobenzoate-grown duced also when cells are grown on unsubsticells. This enzyme is inefficient in its cleavage of tuted benzoate. A similar catechol 1,2-dioxygen- (17) . Chloride elimination as a catabolic step directly linked to cycloisomerization of 3-chloro-substituted muconates yielding compound IV has been demonstrated during degradation of 3-chlorobenzoate by Pseudomonas sp. B13 (E. Schmidt and H.-J. Knackmuss, manuscript in preparation), 4-chlorophenoxyacetate, and 2,4-dichlorophenoxyacetate. 5-OXo_1AI(5H)-afuranacetic acid or 4-chloro-5-oxo-AI(`H),-furanacetic acid (compounds IV and V, Fig. 2 ) have been identified as reaction products (10, 11, 30, 32) . Elimination of chloride from the hypothetical intermediate I (X = Cl) cannot be freely rationalized. Although the structurally analogous methylmuconolactone I (X = CH3) is the only cycloisomerization product of 2-methylmuconic acid, an alternative mechanism for the cycloisomerization of 2-chloromuconic acid with 2,5-dihydro-5-oxo-furan-2-chloroacetic acid as an intermediate is currently being investigated. Further degradation to intermediates of the tricarboxylic acid cycle as well as elimination of the second organically bound chlorine during total breakdown of 3,5-dichlorocatechol is assumed to be similar to the pathway proposed for 2,4-dichlorophenoxyacetate catabolism (Fig. 2) .
The evolution of the unusually versatile chlorobenzoate-degrading capability of the present strain seems to need supposition of prolonged adaptation under continuous culture conditions. In this case "the lag phase represents a period during which processes of plasmid exchange and recombination result in the selection of one or more organisms that finally have a battery of enzymes capable of the complete degradation" (36) . Transmissibility of the genes encoding enzymes of the meta cleavage pathway for methylarene metabolism and of the 2,4-dichlorophenoxyacetate-degrading capability were reported to be plasmid-borne (23, 38) . Therefore it is not unreasonable to assume that the catabolic activity for 4-chlorobenzoate and 3,5-dichlorobenzoate of Pseudomonas sp. WR912 might be composed of the initial benzoate 1,2-dioxygenase with low stereospecificity, originally functioning in toluate catabolism, and of the halocatecholmetabolizing activity from the 3-chlorobenzoateutilizing Pseudomonas sp. B13 or halophenoxyacetate-utilizing bacteria. This concept is indeed realized for the construction of halobenzoateutilizing strains [W. Reineke and H.-J. Knackmuss, Nature (London), in press].
